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ABSTRACT  The contractility of the thread model prepared from the KCI- 
soluble proteins of the egg and in vivo factors for the contraction are investigated 
in Hemicentrotus,  Anthoddaris,  and Pseudocentrotus eggs. 
The  contractility of the  thread  model  induced  by metal  ions  or  cystine 
changes  during  development  in  the  characteristic  pattern  of  high  at  the 
metaphase and low at the monaster and the interkinetic stages. The change in 
contractility is paralleled by the change in the ---SH content of the protein. 
The water-soluble fraction of the eggs has activity in causing contraction of 
the thread model. This activity changes during development in the same way 
as the contractility itself. The contraction of the thread induced by the water- 
soluble  fractions  is  accompanied  by a  decrease  in the --SH content of the 
thread. The activity of the water-soluble fraction in inducing the contraction 
is proportional to its ability to decrease the number of--SH groups.  On boil- 
ing, the activity is largely destroyed. The activity is due to  two  components, 
one being non-dialyzable and the  other  dialyzable.  Separately each  compo- 
nent has little effect,  but when mixed, the activity of the  original  sample  is 
completely restored. 
In the preceding paper (4), a report was made that the KCl-soluble and water- 
insoluble proteins of the sea urchin egg could be made into a  thread model 
which contracted on addition of--SH  oxidants or metal ions. On the other 
hand, the ratio of protein-bound --SH  groups to protein-N  (SH/N)  of the 
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KCl-soluble  protein  increased  before  cleavage  and  decreased  during  cyto- 
kinesis (3). The above two facts together suggest the possibility that the change 
in  SH/N  of the  protein  accompanying  cell  division  might  be  affecting  the 
contractility  of the  thread  model  prepared  from  it,  with  the  same  rhythm. 
To check this point is the first object of the present paper. 
Now  the  contraction  of the  thread  model  could  not  be  evoked  by ATP 
which  is  quite  a  different  situation  from  the  case of the actomyosin thread. 
Therefore,  as a  second object,  a  search was made to find another  substance 
capable of inducing contraction. 
In  the progress of the work,  two features came to the author's  notice.  (a) 
Threads prepared at different stages of development do differ in contractility. 
(b)  The water-soluble fraction  of the egg includes  an  active principle  which 
induces shortening of thread. 
MATERIALS  AND  METHODS 
Hemicentrotus pulcherrimus, Anthoddaris crassispina, and Pseudocentrotus  depressus were used. 
Collection of eggs  at different stages  (5),  extraction  of the  KCl-soluble fraction, 
preparation  of the  thread  model  from  the  fraction,  procedures  for  observing  the 
free and the loaded contractions of the thread  (4), and --SH measurement (2) were 
the same as described before. 
For the preparation of the water-soluble fraction, 1 ml of eggs packed by eentrifuga- 
tion was homogenized in  I0 ml of chilled distilled water. The homogenate was left 
standing for 3 hours and was centrifuged at  15,000 g for 10 minutes.  The supernate 
thus obtained will be called the water-soluble fraction (WSF). 
RESULTS 
1.  Contraction  by Metal Ions and Cystine 
(A)  CHANGE  IN CONTRACTILITY  OF THE  THREAD  ACCOMPANYING  DEVELOP- 
MENT  Among  the  threads  prepared  from  eggs  at  various  stages  between 
fertilization  and  the  2-cell  stage,  marked  differences  in  contractility  were 
found.  Therefore,  the  conditions  of induction  of the  free  contraction  of the 
thread  model were limited  to  10  -~ M MgC12,  10  -3 M CdC12,  or  5  X  10-"  M 
cystine  respectively  in  10  -=  M  tris  buffer  at  pH  7.0,  to  make  comparison 
possible.  Table  I  and  Figs.  1  and  2  show  the  results  in  Hemicentrotus.  The 
contractility  of the  threads  produced  by Mg'"  decreased  for  a  brief period 
following  fertilization  and  gradually  increased  up  to  a  peak  at  the  meta- 
anaphase,  after which it dropped rather steeply. 
Similar  fluctuation  of contractility  by stage was observed when  Cd'"  was 
used  (Table  I  and  Fig.  2,  curve A).  In  this  case,  contractility  had  already 
reached a  minimum by the time the cleavage furrow appeared.  Observations H.  SAKAI  Thread Model in Relation  to Cell Division  429 
with Mg'"  at  the  corresponding stage were unfortunately not made.  Since 
these changes in contractility ran parallel to those of the --SH content of tile 
protein (3), it seemed very likely that the differences  in percentage contraction 
among the different stages were due to differences in the --SH contents of 
the threads at the beginning of contraction. To confirm this, threads of various 
stages were tested for cystine-induced contraction, since cystine is considered 
to oxidize selectively protein-bound --SH groups to disulfides (1,  2). As was 
the case with contractions produced by metal ions,  the degree of contraction 
caused by cystine was  high  at  metaphase and  low  at  the end  of cleavage 
TABLE  I 
DIFFERENCE  IN  CONTRACTILITY  OF 
THE  THREAD  OBTAINED  FROM  HEMIGENTROTUS  EGGS 
AT VARIOUS STAGES 
Stages of eggs 
from which the 
thread was pre- 
pared  (rain after 
imemination) 
Per cent contraction  with standard deviation by 
MgCh  WSF  CdCli  Cystine 
Cd~s after 
contraction by cystlne 
0  19.1  4-  1.7(8)  10.4  -4-  1.3(10)  33.1  4-  1.5(8)  6.8  4-  1,2(5)  26.9  4-  1.9(6) 
20  17.1  4-  1.5(6)  10.1  4-  1.0(8) 
40  19.1  ±  2.0(0)  11.2  4-  1.1(8)  34.7  4-  1.7(10)  8.6  .4-  1.1(6)  27.3  4-  1.7(6) 
55  36.8  4-  1.2(7)  10.0  .4-  0.9(6)  27.0  4-  1.6(6) 
65  23.5  4-  1.5(12)  15.7  4-  1,3(6) 
67  39.2  4-  1.5(12)  12.8  4-  1.2(8)  26.1  4-  1.3(6) 
75  24.4  4-  2.0(12)  15.9  4-  1.5(6) 
77  *29.0  4-  1.8(7)  *6.0  4-  1.0(5)  *25.7  4-  1.3(6) 
85  *  * 
87  31.1  .4-  1.7(8)  4.5  .4-  1.1(6)  25.9  4-  1.5(5) 
98  13.8  4-  1.3(10)  7.5  4-  1.4(6) 
* Time of onset of cytokinesis. 
Figures in parentheses indicate the number of experiments. 
(Fig. 2, curve C). It is worth mentioning that if, after contraction was induced 
by cystine (curve C), the same threads were subjected to the action of Cd", 
the fluctuation by stage was no longer found, as shown by curve B. 
(B)  QUANTITATIVE  RELATION  BETWEEN  THE  --SH  CONTENT  AND  CONTRAC- 
TILITY  A  remarkable feature of Fig.  2 lies in  the  fact that  the  differences 
between the Cd"-induced contractions of untreated (curve A)  and cystine- 
pretreated thread  (curve B)  almost coincide with the values of contraction 
produced by cystine alone  (curve  C).  Therefore, it  was desirable to check 
further the dependence of contraction on --SH groups on a  more quantita- 
tive basis. 
Slightly loaded contractions of threads obtained from eggs at various stages 
were induced by Cd'" and were measured. Measurements of--SH contents 43  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  45  "  I962 
were  also  made.  In  Fig.  3,  SH/N  ratios  are  plotted  as  abscissae  and  per- 
centages contraction as ordinates. The line, Y  -  19.3 X  q- 3.5,  was obtained 
by the method of least squares, indicating that the differences in contractility 
primarily  depended  upon  differences  in amount  of--SH.  The  line  inter- 
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sects  with  a  broken  line  which  represents  the  level of contraction  induced 
by  Cld'"  after  the  --SH  groups  were  completely  oxidized  by  cystine  (see 
curve B,  Fig.  2).  The intersection corresponds to a  SH/N ratio of 1.19 weight 
per cent. 
A  similar  linear  relationship  was  obtained  in  the  case  of contraction  in- 
duced  by cystine alone  (Fig.  4).  From  Y  --  18.7 X  --  22.3, obtained by the H.  SAKAI  Thread Model in Relation to Cell Division  43 t 
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method of least squares,  the line intersects with the X  axis at the point where 
SH/N  again has the value  1.19 per cent. 
Since the two sets of data concordantly give  1.19 weight per cent of SH/N 
as the limit of non-effectiveness, it is suggested, in view of the metaphase value 
of 2.0 for SH/N,  that  2.0  --  1.19  -  0.8 or a  little less than  half of the --SH 
content is available for the contraction  (see Figs.  3 and 4). 
2.  Contraction Induced by the  Water-Soluble Fraction (WSF) 
The  thread  model  was  placed  in  0.12  ml  of tris-HC1  buffer  at  pH  7.0  to 
which  0.03  ml  of the WSF was added.  Contraction  and  increase  in  opacity 
occurred,  but  these  developed  more  slowly than  the  changes  produced  by 
cations. 
(A)  DEMONSTRATION  OF CYCLIC  CHANGE  OF WSF-INDUCED  CONTRACTILITY 
OF  THE  THREAD  ACCOMPANYING  DEVELOPMENT  After  having  established 
that  there  was  a  change  of contractility  with  stage  in  the  thread  model, 
using  MgC12,  CdCI2,  and  cysfine,  the  next  point  to  be  tested  was  whether 
the  same  cyclic change  of contractility  could  be demonstrated  by the WSF 
of a  selected  stage.  Anaphase,  in  which  the  activity  of the  WSF  was  the 
highest, was selected. As shown in the column of 65 minutes (Table II and in 
Fig.  1)  the expectation was borne out. 
As was the case with Cd'" or cystine, a linear relation  (Y =  19.4 X  --  20.7) 
was obtained between the amount of--SH  and the contraction produced by 
the WSF  (Fig.  4). At  Y  =  0, X  (SH/N)  is  1.07 per cent,  which can be con- 
sidered,  for the time being, to be in good agreement with the value obtained 
in  the foregoing  section  (1.19  per  cent).  Therefore,  it is  suggested  that  for- 
mation of disulfide linkages may be the cause of the shortening  produced by 
the WSF, too. 
(B)  CHANGE  IN  CONTRACTION-INDUCING  ACTIVITY  OF  THE  WSF  ACCOM- 
PANYING  DEVELOPMENT  Just  as  the  thread  itself  changed  contractility 
from  stage  to  stage,  the  activity of the  WSF for  shortening  the  thread  also 
changed  according  to  the  developmental  stage.  To  compare  the  activi- 
ties  of  the  WSF  from  various  stages,  the  thread  model  of  the  anaphase 
protein  with  the maximum  activity was chosen  as a  standard  test material. 
Table  II  (first row)  shows the relative  activities of the WSF at six stages of 
development. The course of the change followed the same characteristic curve 
as was found  for  SH/N  (3);  that  is,  the  activity of the WSF was relatively 
high  in  the  unfertilized  egg,  came  down  at  the monaster  stage  after fertili- 
zation,  rose to its highest value shortly before the first division,  and dropped 
after it.  This held  true  both for Hemicentrotus and Anthocidaris. 
Moreover, the variation of degree of contraction by stage could be empha- H.  SAKAI  Thread  Model in Relation to Cell Division  435 
sized by combining the thread and the WSF of matching stages, which is seen 
by surveying Table II diagonally. 
(C)  INHIBITION  OF WSF-INDUCED CONTRACTION  BY --SH  BLOCKING  AGENTS 
As  is  shown  in  Table  III,  when  the  thread  model  was  pretreated  with 
TABLE  II 
PERCENTAGE  OF  CONTRACTION  PRODUCED  BY THE WSF 
FROM EGGS  AT VARIOUS STAGES  IN THE THREAD MODELS  FROM 
EGGS  AT  VARIOUS STAGES  (HEMICENTROTUS) 
Figures are mean values from six to twelve experiments. 
Stages of eggs  from which WSF was made 
(rain. after insemination) 
20  40  65  75  98 
Stages of eggs from which thread 
was  prepared  (min.  after  in- 
semination) 
0  9.3  4.5  10.4  10.4  15.4 
20  4.2  10.1 
40  7.6  l1.2 
65  15.7 
75  15.9  17.3 
98  7.5 
2.3 
9.0 
2.5 
85 minutes, onset of cytokinesis. 
TABLE  IlI 
INHIBITION  OF WSF-INDUCED 
CONTRACTION  BY  --SH BLOCKING  REAGENTS  AND 
ITS  REVERSAL BY  CYSTEINE 
Experiment 
Species  series  Control 
Per cent contraction with standard deviation 
After treating ---SH 
After treating with ---SH  blocked thread 
blocking  reagents  with cysteine 
Pseudocentrotus  I  23.2  .4-  2.5  (6)  PCMB  1,8  .4.. 1.0  (6) 
II  23,2  4-  1.5  (6)  IAA  1.3  -4- 0,9  (6) 
Hemicentrotus  I  20.1  -4-  2.3  (6)  PCMB  5.9  .4-  1,6  (5)  22.7  ~  1.6  (6) 
II  21.5  -4-  1.2  (6)  PCMB  4.7  .4-  0.3  (6)  -- 
Figures in parentheses indicate the number of experiments. 
a  mercaptide-forming  agent  (p-chloromercuribenzoate  (PCMB))  or  an 
alkylating agent (monoiodoacetate (IAA)), the contraction produced by the 
WSF was much reduced. The --SH-blocked thread regained its contractility 
upon treatment with a sulfhydryl compound such as cysteine or glutathione. 
Therefore it is safe to consider again that the WSF-induced shortening takes 
place through oxidation of --SH groups of the thread. 
(D)  CONTRACTION  CAUSED  BY  THE  WSF  AND  OXIDATION  OF  --SH  GROUPS 
OF  THE  TH~AD  The  --SH  content  of the  thread  was  measured  to  see 436  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  45  " 1962 
whether  the contraction  induced  by the WSF is accompanied  by the oxida- 
tion of--SH  groups. 
The  thread  made  from  unfertilized  eggs  was  incubated  in  tris  buffer  at 
30°C for  15 or 30 minutes with a  small amount of the  WSF  prepared  from 
one  of five  stages.  After  incubation,  the  samples  were  washed  with  chilled 
TABLE  IV 
DECREASE  OF THE --SH CONTENT OF THREAD MADE 
FROM UNFERTILIZED EGGS, CAUSED BY THE WSF PREPARED 
FROM EGGS AT VARIOUS STAGES (HJEAIICENTROTUS) 
Stages  from which WSF  was  derived  Per  cent change in (SH/N)  X  I00 
(rain. after insemination)  15 min. incubation  30 rain. incubation 
0  --16.3  --17.7 
20  --0.5  +23.5? 
40  +0.5  +1.5 
75  --14.5  --24.0 
98  +0.7  --6.5 
85 minutes,  onset of cytokinesis. 
TABLE  V 
INACTIVATION  OF  THE  WSF  BY  BOILING,  TESTED 
ON  THREAD  MODELS  (ANTHOCIDARIS) 
Stages  of  eggs  from which 
WSF  was  prepared 
(rain.  after  insemination) 
Per  cent  contraction  with standard deviation 
By non-boiled  WSF  By boiled  WSF 
0  5.6  -4-  0.9  (8)  2.8  4-  0.5  (7) 
15  4.5  .4-  0.8  (8)  2.1  -4-  0.5  (7) 
35  8.3  -4-  1.2  (10)  2.1  4-  0.6  (6) 
40  9.5  4-  1.0  (10)  2.1  -4-  0.6  (5) 
45  8.5  4-  1.0  (10)  2.2  4-  0.6  (5) 
55  4.8  4-  0.6  (9)  3.1  4-  0.9  (6) 
63  6.6  4-  0.7  (8)  3.2  ±  0.7  (6) 
47 minutes,  onset of cytokinesis. 
Figures in parentheses indicate the number of experiments. 
distilled  water  and  bound  --SH  groups  were  measured  with  the  mercury- 
orange method  (2). As shown in Table IV, decrease in --SH  or its oxidation 
to  --S--S--  had  evidently  occurred  with  the  contraction  caused  by  the 
WSF.  With  the WSF's prepared  from eggs unfertilized  or at  the meta-ana- 
phase  stages,  oxidation  was  unmistakable,  while  it  was  somewhat  dubious 
with  the  extracts  from  other  stages  with  low  activities.  Thus  contraction- 
inducing activity of the WSF correlates with its activity in oxidizing the --SH 
groups of the thread. H.  SAKAI  Thread  Model in Relation to Cell Division  437 
3. Active Principle of the  WSF 
In  order  to  determine  the  nature  of the  active  principle  of the  WSF,  the 
extracts from various stages were boiled for  10 minutes.  By testing the treated 
extracts  on the thread  of metaphase protein,  it was found  that  they had lost 
most of their  activity, indicating  their thermolability  (Table V). 
Next,  the  WSF was dialyzed  against  distilled  water  at  0--1 °C.  When  the 
residue and  dialysate were made to act on a  thread  separately,  the activities 
were found to be much reduced. But mixing the two restored the activity to a 
value  almost  as  high  as  that  of the  extract  before the  dialysis  (Table  VI). 
This means  that  there  must  be two principles  involved,  one  dialyzable  and 
the other non-dialyzable. 
TABLE  VI 
ACTIVITIES  OF THE  ORIGINAL WSF,  ITS  DIALYZED 
RESIDUE,  DIALYSATE,  AND MIXTURE  OF THE  TWO,  FOR 
SHORTENING  THE  THREAD  (ANTHOCIDARIS) 
Per cent contraction with standard deviation 
Preparation I  Preparation n  Preparation UI 
Original WSF 
Dialyzed residue  (A) 
Dialysate  (B) 
Recombination  (A ±  B) 
8.9  ±  0.7  (6)  9.3  ±  0.7  (8) 
0.9  ±  0.7  (6)  0.1  ±  0.1  (6) 
1.9  ±  0.8  (7)  0  (6) 
8.6  ±  0.8  (7)  9.4  ±  0.9  (6) 
12.1  ±  0.7  (8) 
0.3 ±  0.5  (8) 
:.7  ±  0.5  (i0) 
9.6 ±  0.7  (8) 
Figures in parentheses  indicate the number of experiments. 
DISCUSSION 
In the foregoing paper (4), it was shown qualitatively that the protein thread 
contracted  through  oxidation  of raSH  groups  by cystine,  dehydroascorbic 
acid,  or oxidized glutathione.  In the present paper,  the relation  between the 
degree  of contraction  and  the --SH  content of the thread was clarified on a 
somewhat more  quantitative  basis.  Now the  idea may  be advanced  that  in 
terms of SH/N,  1.19 per cent is non-functional and the remaining 0.8 per cent 
is the amount of--SH functioning in the contraction of the metaphase thread. 
The  cyclic  change  in  contractility  depends  upon  the  cyclic  change  in  the 
number of functional --SH  groups. 
In this work,  an effective principle has been found in the water extract of 
the eggs. This principle seems to be acting more or less like a  dehydrogenase 
and  can  be  divided  into  a  dialyzable  and  a  non-dialyzable  component, 
although  only the coexistence of the  two assures  the  activity of the  extract. 
The  non-dialyzable  component  is  presumably  a  protein  and  the  dialyzable 
component could be a  cofactor. But more investigation  is required  to decide 
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In  the present  series of studies,  two features are brought  out with clarity. 
The first is the cyclic nature of--SH  fluctuation along the course of develop- 
ment.  This  feature  is  shared  by  (a)  protein-bound  --SH  of TCA  extract  of 
egg (SH/TCA egg)  (5)  as well as --SH  calculated on the basis of protein-N 
(SH/N-TCA  egg)  (3),  (b) the amount of--SH  in the TCA-insoluble fraction 
(3),  (c)  SH/N  of the  KCI  extract  of the  egg  (SH/N-KCI  egg)  and  of the 
cortex  (SH/N-KC1  cortex)  (3),  (d)  contractility  of the  thread  model made 
from  the  KCl-fraction,  and  finally  (e)  contraction-inducing  activity  of the 
WSF. 
The second point brought up by Papers IV (4) and V of the present series of 
studies is the intervention  of --SH  groups in contraction of the thread of the 
KCl-soluble egg proteins.  This  is  shown  by  (a)  shortening  of the  thread  by 
oxidizing  agents  and  its  elongation  by reducing  agents  (4),  (b)  correlation 
between SH/N value and the contractility of the thread in the present paper, 
and  (c) suppression of the contraction by blocking --SH  groups of the thread 
(4). 
The physiological bases for the cyclic changes are unknown.  But what can 
be said at present is that --SH  groups are instrumental  to the expression of 
the cycle. Viewed from the results of the present study,  a  surge of profound 
physiological  activities  prepares  the  structural  proteins  of the  egg  and their 
surroundings  best  for  contraction  which  seems  to  culminate  in  the  meta- 
phase but this condition slackens by the time the cell division sets in. 
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